INTRODUCTION
Recently, a remarkable progress has been made in the field of the ultimate strength study of steel arches. Knowledgei7) of the behavior of various types of steel arches in the ultimate state considering yielding of material, finite deformations and influence of the residual stresses has been accumulated ready for practical use. A certain number of papers3),7 are discussing the design method of them reflecting the results obtained by the ultimate strength analysis. But, as for stiffened arches of deck type, the study is not sufficiently deepened and there are some problems left unresolved.
The in-plane collapse of stiffened arches may be differentiated in two modes. One is the failure as an integrated structure composed of an arch rib and a stiffening girder. The character of the integrated strength of stiffened arches is estimated to be similar to that of not stiffened arches. This submits a problem how to express the ultimate strength referring to that of two hinged arches.
Zui, Shinke and Namita6 present the strength as a function of a total slenderness ratio given by using the total moment of inertia and total area of the arch rib and stiffening girder.
Another collapse is caused by the failure of arch rib members between adjacent panel points. Concerning this problem, there is no ultimate strength study reported hitherto.
Especially, when the arch rib has comparatively high rigidity, the arch rib is usually designed as a continuously curved one conforming with the continuously curved arch axis. Therefore, the arch rib members between the vertical posts are regarded as initially crooked beam-columns subjected to both bending and axial compression. This large crookedness and combined stresses will reduce the strength to a certain extent compared with ordinary straight columns or beam columns. But, this reduction of the strength of the arch ribs is expected to be fairly improved by employing a polygonal arch axis which forms a straight line between the panel points of the arch.
This paper presents an approach to the above mentioned problems through parametric numerical analyses of the load carrying capacity of stiffened steel arches of deck type. The through type of stiffened arches is not referred herein considering the well-known extremely high buckling strength as a whole structure.
But, as for the local failure of the arch ribs, the results presented here may be applicable to them.
In this analysis, the effect of the finite deformation, yielding of material and residual stresses is included, but the yielding and buckling of the posts is neglected.
METHOD OF ANALYSIS (1) Analytical Method
The ultimate strength analysis employed herein is carried by combined use of the load incremental method and iterative method which are basically same as used in Ref. 8) .
Influence of the spread of yielding of material in the longitudinal direction and cross sections, unloading from the yielded state, finite deformations of members and the residual stresses by welding on the strength is taken into account in the finite element analysis. The post members are supposed to be connected to the arch rib and stiffening girder by hinges and the stiffness matrices of the posts are formed by the first order elastic theory.
But, in the iterative approach of the unbalance internal forces, the effect of the displacement of the posts is included. The Cholesky method is adopted in the calculation. ( 
2) Numerical Model and Parameters
Stiffened arches analysed here have a parabolic solid arch rib with box cross section and a straight stiffening girder with I cross section referring to conventional configuration of stiffened steel arches.
The loads and configuration of an archh are illustrated in Fig. 1 . The arch rib and stiffening girder are connected by hinge-ended vertical posts except at the crown where they are connected rigidly as shown in Fig. 1 . The form of the arch member between the posts are classified in three types.
The first is adopted as standard one and has a continuously curved member axis which coincides with the parabolic line, the second has a straight axis and the third has a slightly crooked straight axis of which the half sinusoidal initial crookedness is one thousandth of the panel length at the middle point. Number of the panels is 10, but, in some cases, the type of 8 panels is taken up to study the influence of the panel length.
The span of every stiffened arch is 100 m long and the rise is 15. 0 m high except in some cases in which it is taken to 12. 5m or 20. 0 m to study the influence of the rise-span ratio on the ultimate strength.
To exclude the effect of deformation of the posts, the area of the posts is selected to ten times larger than the value which will be required for equilibrium with the maximum arch rib force.
Namely, the area is given by AP=l2-AA where A P and A A are the area of a post and an arch rib, respectively, l' is panel length and f is rise of an arch.
To know the effect of stiffening, the analysis is carried out by varying the flexural rigidity of the stiffening girder. The slenderness ratio AA of basic arch ribs to be stiffened, which is given by the ratio of the whole length L of the arch axis to the radius of gyration of the cross section, is chosen to be 198, 248, 297, 446, and 595. The proportion of a cross section of stiffened arches and stiffening girders is shown in Fig. 2 . The total slenderness ratio is defined here by
in which, IA=moment of inertia of an arch rib, IG = moment of inertia of a stiffening girder and L=the whole length of the arch rib. The slenderness ratio of an arch is given by AA=LWIA/AA. The total slenderness ratio is varied in this analysis from 100 to 400 approximately. The dimensions of the cross sections are determined as shown in Table 1 , so as to realize the above mentioned range of the parameters.
The arch rib and stiffening girder are made of the same structural steel of which the yield point is 3200 kg/cm2 (314 N/mm2).
When the residual stresses by welding are considered, their distribution patterns are assumed as shown in Fig. 2 and the maximum residual stress in compression is taken as 40% of the yield point of material by ref ering the results of Ref. 8). In the numerical analysis, cross sections of an arch rib and stiffening girder are divided into 36 elements and 2 7 elements, respectively, as shown in Fig. 3 . Number of member elements between the vertical posts is determined to be 5 judging from the result of preliminary calculation.
Two modes of loading pattern are adopted here, namely, one is unsymmetrical and another is nearly symmetrical.
They are obtained by taking the loading parameter s=0.5 and s= 0. 99 respectively as shown in Fig. 1 . All loads are placed on the panel points of the stiffening girder.
The ultimate strength and slenderness ratio are expressed in non-dimensional forms. The maximum value of the load is given by the ratio to the intensity of equally placed concentrated loads which produce full plastic axial force at the springings by the first order elastic analysis. Namely the load intensity qY is given by in which y is the inclimation angle of the arch axis at the springing and S is the ratio of I to 1. Thus, the total slenderness parameter AT is given by
The slenderness ratio which corresponds to 2T= 1 is 165, 167 and 168 for f/l=0.125, 0.150 and 0.20, respectivley.
(3) Assumptions
Other major assumptions which are not explained in the previous sections are as follows :
1. Arch rib and stiffening girder have constant cross section over whole length.
Material of arch ribs and stiffening girders
is same in grade and shows the ideal elasticplastic stress-strain relationship and no strain hardening is considered. 3. Cross sections keep the original plane unchanged after deformation. 4. All displacements of stiffened arch are confined in the vertical plane which contains the loads and arch. 5. Loads do not change their direction after displacements of the stiffened arch. 6. The maximum tensile residual stress Ort equals the yield point and the maximum compressive residual stress 0-rc is 0. 4 0-y. 7. No local buckling of plates of members occurs.
NUMERICAL RESULTS
(1) Behavior for Unsymmetrical Loading In usual case, co-operation of the flexural rigidities of arch rib and stiffening girder is expected owing to action of posts which work to enforce nearly the same vertical displacements on the arch rib and stiffening girder. Fig. 4 shows the displacements of an arch rib and stiffening girder just before the ultimate state for the loading pattern s=0. 5. The difference between the displacements of the arch rib and stiffening girder is so small that it can not be seen in the figures. The bending moment diagrams for the same loading are shown in Fig. 5 . The bending moment diagrams of the arch rib members show undulation between the panel points affected by the curvature of their member axis. Especially, when the total slenderness ratio becomes smaller, this undulation becomes more significant. If straight arch rib members between the adjacent panel points are adopted, as a matter of course, this undulation becomes very small. However, the influence of the local behavior of arch rib members does not affect the ultimate strength for unsymmetrical loading of stiffened arches. Fig. 6 shows the relationship between the load carrying capacity and the total slenderness parameter.
The load carrying capacity of stiffened arches expressed in relation to the total slenderness parameter keeps a good correspondence with that of two hinged arches. However, it shows always a little higher value than that of two hinged arches if compared by the total slenderness parameter. With increment of the flexural rigidity of stiffening girders against flexural rigidity of arches, the load carrying capacity increases also, but the efficiency of stiffening seems to be not so significant as illustrated in Fig. 7 . But, by plotting the ratio of the maximum load to total area of arch rib and stiffening girder against the ratio of the flexural rigidity of arch rib to the total flexural rigidity, the efficiency of stiffening will be meaningly illustrated as seen in Fig. 8 (2) Behavior for Nearly Symmetrical Loading Under the nearly symmetrical loading, the deflection curves in the nearly ultimate state differ in shape depending on the ratio of the total slenderness parameter to the slenderness parameter of arch ribs. An example is shown in Fig. 9 . In the figure, the ordinate is expressed by the ratio of vertical deflection v to span length 1. As to AT=264, i. e. arches with a relatively flexible stiffening girder, the collapse occurs in a nearly unsymmetrical mode, while in case of /1T=110, i. e. arch with a relatively rigid stiffening girder, the collapse mode is rather symmetrical one. In both cases, the slenderness ratio of arch rib to be stiffened is not varied. This difference will be exhibited by the bending moment diagrams as shown in Fig. 10 . In the former case, the highest bending moment of the arch rib is produced in the vicinity of the quater point, while, in the latter case, the bending moment becomes maximum at the end panels. This phenomenon is, of course, presented under the influence of the rather large crookedness of the continuously curved members and less end restraint at the hinged supports.
The influence of this crookedness will be discussed in the section 3. (3), b) . In the range of higher slenderness parameter, these curves have a similar tendency with those obtained for the unsymmetry loadings as shown in Fig. 6 , but always gives higher values than them.
However, in the range of lower slenderness parameter, the curves become flat and hardly show increment of the load carrying capacity by the local failure of the arch rib members.
b) Influence of the Configuration of Arch Rib Members between Adjacent Panel Points The crookedness of the arch rib members affects heavily their behavior in the ultimate state. Fig. 13 shows the bending moment diagram just before the ultimate state of stiffened arches of which arch rib members have straight axis between the panel points. The significant undulation of bending moment which are produced in the continuously curved members as shown in Fig. 5 diminishes due to the straightness of the members. The effect on the load carrying capacity is shown in Fig. 14 , in which some cases of stiffened arches with very slender arch rib (AA= 446 and 595) are added.
Note that the load carrying capacity in the range where the local failure is predominant is clearly improved by employment of the straight arch rib members. c) Influence of Initial Crookedness of Arch Rib Members Straight members in actual structures have inherently initial crookedness, which affects always severely on the column strength. For example, by the column strength curves presented by Ref. 10), the effect is taken into account by estimating the initial crookedness of one-thousandth of the column length at the middle point.
According to the commonly accepted value of the initial crookedness, and considering easy calculation, the initial crookedness of onethousandth of the panel length at the middle point and the half sinusoidal form are adopted here. Fig. 15 shows the effect of the initial crookedness on the load carrying capacity. In the case of the very slender arch rib members, the effect is clearly observed, but the effect is not so significant for the stiffened arches with a relatively rigid arch rib. Load carrying capacity of stiffened arches expressed by total slenderness parameter for quasi-symmetrical loading. d) Influence of Panel Length As mentioned above, the number of panels of the standard stiffened arches analysed here is 10. With reduction of the number, the crookedness and the slenderness ratio of the members become larger. It causes reduction of the local failure strength.
Taking stiffened arches of 8 panels and AA= 198 and 297 (AA=1.19 and 1.78), this influence, in the cases of the continuously curved arch rib members and completely straight arch rib members, is shown in Fig. 16 .
When the arch has completely straight rib members, this influence becomes fairly small even in the case of relatively high slenderness ratio. But, in the case of continuously curved rib members, the difference in the local failure strength becomes significant, especially for the more slender arch rib of AA=297.
As for the unsymmetrical loading, the influence of the panel length is negligibly small.
(4) Influence of Rise-Span Ratio Fig. 17 shows the influence of rise-span ratio on the load carrying capacity as varying the ratio 0. 125, 0. 15 and 0. 2. When the rise of stiffened arches becomes higher, the load carrying capacity decreases to some extent for the unsymmetrical loading and contrary to this tendency, increases slightly for the symmetrical loading. However, the local failure strength shows almost the same value, if expressed by the non-dimensional load intensity adopted here. In the calculated range, it is seen that the difference in the load carrying capacity between the high and low arches is not substantially large and has a similar tendency with that between two hinged arches.
(5) Influence of Residual Stresses
It is widely reported10 that the working of the residual stresses caused by welding or cooling is substantial to the hinge-ended column strength, especially for columns of medium slenderness ratio.
Stiffened arches are subjected to complicated interaction of bending moments and thrust as shown in Fig. 5 and Fig. 10 . Nevertheless, the residual stresses is considered to play a role also in the load carrying capacity of an integrated structure and the members. Fig. 18 shows the influence of the residual stresses on the load carrying capacity.
The load carrying capacity is affected a little in the case of the unsymmetrical loading, but, to some extend for the failure as a whole in the case of the nearly symmetrical loading. However it is remarkable that the local failure strength is affected very little by the residual stresses. It would be resulted from the complex interaction of the constrained bending moment and the bending moment due to the finite displacements.
(6) Influence of Loading Pattern
In the previous numerical analysis, the behavior of stiffened arches in the ultimate state for two typical loading patterns of s=0.5 and s= 0. 99 is discussed. The load carrying capacity varies with the loading pattern as shown in Fig.  19 . Concerning to the failure as a whole structure, the load carrying capacity always decreases with the loading pattern becoming to more un- symmetrical as seen in the case of two-hinged arches1), 2). However, as to the local failure, decreasing of the load carrying capacity is found for more symmetrical loading pattern and this tendency may be valid for the case of other slenderness parameters, judging from the lower load carrying capacity for s=0.5 than for s=0.99 as shown in Fig. 16 , Fig. 17 and Fig. 18 . This result leads to the conclusion that it is generally not required to pay attention to the local failure in the design of arch rib members for the unsymmetrical loading, if a check is made for their strength for uniformly distributed loads which are placed fully symmetrically over the entire span of arch or for the axial thrust caused by these loads. To establish a more exact practical rule for this problem, much additional numerical analysis will be required for arbitrary distributed loads. Excluding the local failure problem, the ultimate strength design of stiffened arch can follow that of two-hinged arches considering the similarity of the load carrying behavior of stiffened arches and two hinged arches.
(7) Local Failure Strength of Arch Rib Members As discussed in the preceeding section, the local failure strength of arch rib members may be expressed by the maximum axial thrust which will be obtained at the end panels by the first order elastic analysis. Examined in detail, the local failure strength has a tendency to increase with increment of total slenderness ratio. Therefore, by estimating the smallest value in the nearly uniform strength region of the load carrying capacity curve for s-0.99 to be the ultimate strength of the member as a column, the column strength curves of the members is plotted in Fig. 20 for all cases calculated here. In the figure, the basic column curve given by the Japanese specifications for highway bridges and a curve reduced by 15% are added. At least, in the calculated range of parameters, the strength of arch members for the local failure is not less than 85% of the basic column strength even in the case of continuously curved arch member. When straight or slightly initially crooked members are use, the strength are very improved and becomes larger than the basic column curve. This reduction of the strength in the case of the curved arch members would be the influence of the large crookedness of curved arch members. The strength of the end panel member shows always the smallest value among the members due to mainly the less end retraint at the hinged support and partly longest member length, if constant cross sections are used. Consequently, if a check is made for the strength of the end panel member, there will be no need of additional consideration on the local failure of the other members.
Judging from the figure, in the design of a stiffened arch with straight rib member, the member will be allowed to be proportioned according to the basic column curve. If continuously curved arch rib members are adopted, it is advisable to use the 85% curve as a tentative measure. Of course, wide range of calculation will be also required to determined the rational curve.
CONCLUSIONS
Through the numerical ultimate strength study which is carried out by considering the effects of geometrical and material nonlinearity and varying a certain number of structural parameters, the features of the in-plane load carrying capacity of stiffended steel arches were revealed fairly well. From the results obtained, the following conclusions may be led within the calculated range of treated parameters:
(1) The load carrying capacity of stiffened arches has analogous features as that of two
